March 2013 • Volume 41 • Number 3 and reduced expression of podocyte nephrin (-29%, p < 0.01). This last finding was replicated ex vivo by incubating podocyte primary cell cultures with low-dose ouabain. Conclusions: Preoperative plasma endogenous ouabain levels are powerful biomarkers of acute kidney injury and postoperative complications and may be a direct cause of podocyte damage. (Crit Care Med 2013; 41:744-755) 
Objectives: Acute kidney injury is a frequent complication of cardiac surgery and increases morbidity and mortality. As preoperative biomarkers predicting the development of acute kidney injury are not available, we have tested the hypothesis that preoperative plasma levels of endogenous ouabain may function as this type of biomarker. Rationale and Design: Endogenous ouabain is an adrenal stress hormone associated with adverse cardiovascular outcomes. Its involvement in acute kidney injury is unknown. With studies in patients and animal settings, including isolated podocytes, we tested the above mentioned hypothesis. Patients: Preoperative endogenous ouabain was measured in 407 patients admitted for elective cardiac surgery and in a validation population of 219 other patients. We also studied the effect of prolonged elevations of circulating exogenous ouabain on renal parameters in rats and the influence of ouabain on podocyte proteins both "in vivo" and "in vitro. " Main Results: In the first group of patients, acute kidney injury (2.8%, 8.3%, 20.3%, p < 0.001) and ICU stay (1.4 ± 0.38, 1.7 ± 0.41, 2.4 ± 0.59 days, p = 0.014) increased with each incremental preoperative endogenous ouabain tertile. In a linear regression analysis, the circulating endogenous ouabain value before surgery was the strongest predictor of acute kidney injury. In the validation cohort, acute kidney injury (0%, 5.9%, 8.2%, p < 0.0001) and ICU stay (1.2 ± 0.09, 1.4 ± 0.23, 2.2 ± 0.77 days, p = 0.003) increased with the preoperative endogenous ouabain tertile. Values for preoperative endogenous ouabain significantly improved (area under curve: 0.85) risk prediction over the clinical score alone as measured by integrate discrimination improvement and net reclassification improvement. Finally, in the rat model, elevated circulating ouabain reduced creatinine clearance (-18%, p < 0.05), increased urinary protein excretion (+ 54%, p < 0.05), A pproximately 2 million cardiac surgeries are performed around the world each year. Acute kidney injury (AKI) is a frequent complication of cardiac surgery (1) . Patients who double their serum creatinine or need acute dialysis have a two-to five-fold higher risk of death (2, 3) , and patients who recover their kidney function remain at increased risk of chronic kidney disease (CKD) and premature death (4, 5) . A number of novel plasma and urinary early postoperative biomarkers have recently been proposed to assess the risk of postoperative AKI on the assumption that early detection of renal damage may limit its progression to overt renal failure with appropriate therapeutic interventions (6) . However, there are neither preoperative biomarkers nor robust validated risk models that predict AKI not requiring dialysis. Preoperative biomarkers offer the potential to target and develop therapeutic intervention aimed at blocking the initial sequence of events that lead to AKI (7) .
Certainly AKI is multifaceted in nature with derangements at various intrarenal sites (glomerular and tubular) and is triggered by a variety of factors including reduced cardiac output, systemic hypotension, and activation of neuroendocrine reflexes (8, 9) . Endogenous ouabain (EO) is a neuroendocrine hormone that may contribute to the development of AKI in critically ill patients. Numerous human and intact animal studies, as well as adrenocortical cell culture studies, indicate that EO is synthesized in the adrenal cortex (10) (11) (12) (13) . EO may be considered a stress hormone secreted by the adrenal gland since a) normal rats after exposure to acute swim stress have significant increases of EO in plasma and adrenal glands (14) ; b) marked and rapid increases of plasma EO in humans during physical exercise have been reported (15) ; c) about 50% of humans with untreated essential hypertension have significantly elevated plasma EO that correlates directly with blood pressure (BP [16] [17] [18] ); d) increased circulating EO has been related to cardiomyopathy (19) and decreased renal function (20, 21) ; and e) different types of endogenous glycosides, including EO, are elevated in a large proportion of critically ill patients. The occurrence of these substances is associated with increased morbidity and hospital mortality rates (22) .
EO modulates the activity of the Na,K-ATPase and induces signal transduction via sodium-calcium exchange and the Srcdependent pathway (23) . EO exerts a biphasic effect on Na,K-ATPase, either stimulating or inhibiting its activity at low (subnanomolar) or high (nanomolar) concentrations, respectively (24, 25) .
The accumulating clinical and experimental data show that prolonged exposure to elevated levels of EO in vivo induces underlying kidney damage that is not clinically obvious. We propose that when individuals with elevated preoperative EO and with or without underlying kidney damage are exposed to the acute stress of surgery, further elevations of circulating EO occur and contribute directly to AKI.
This hypothesis was tested in three settings:
1) By measuring EO levels in patients before cardiac surgery and correlating these levels to the outcome after surgery including AKI;
2) By infusing ouabain in rats and measuring BP, renal function, and podocyte proteins; 3) By measuring podocyte proteins in primary culture incubated with and without ouabain.
Therefore, the rationale underlying this approach was that high levels of EO may favor the development of AKI and do so by direct actions that lead to damage of podocytes.
METHODS

Study Population
We prospectively enrolled adults undergoing cardiac surgery (coronary artery bypass graft or valve surgery). We excluded patients with evidence of AKI before surgery, prior kidney transplantation, preoperative serum creatinine level greater than 4.5 mg/dL (> 177 mmol/L), or end-stage renal disease (estimated glomerular filtration rate [eGFR] < 30 mL/min). Participants with multiple surgeries could only be enrolled in the study once. All participants provided written informed consent, and each institution's research ethics board approved the study.
First Cardiac Surgery Cohort. Four hundred and seven patients undergoing elective cardiac surgery were enrolled in the study. This was a prospective observational study conducted at a single center from December 2009 to June 2010.
Sample Collection. We collected urine and plasma specimens preoperatively and daily for up to five postoperative days. The first postoperative samples were collected soon after admission to the hospital. In addition to routine preoperative assessments, blood samples were obtained for plasma EO determinations within 24 hrs from admission to the clinic and for the first 24 hrs postoperatively. Samples were stored at -80°C until analysis. EO was extracted from plasma and measured by using a specific radioimmunoassay (see Supplemental Methods, Supplemental Digital Content 1, http://links.lww.com/ CCM/A572, for details) (25) .
Data Collection. An investigator blinded to the plasma biomarker concentration collected data from patient chart notes and the computerized data system. Disease severity was scored according to European System for Cardiac Operative Risk Evaluation (EUROSCORE [26] ) and age, creatinine, and left ventricular ejection fraction (ACEF [27] ) clinical scores (sex, age, creatinine, and left ventricular ejection fraction). eGFR was calculated using the standard value CKD-epidemiology collaboration equations (28) .
Validation Cardiac Surgery Cohort
Two hundred and nineteen patients undergoing elective cardiac surgery were enrolled in the study after signing informed consent. This was a prospective observational validation study conducted from January 2011 to June 2011.
Outcome Definitions
The primary outcome was the development of severe AKI, defined by receipt of acute dialysis during the entire hospital stay or a doubling in serum creatinine from the baseline preopera- tive value (consistent with the Acute Kidney Injury Network (AKIN [29] ) stage 2 or 3). All of the preoperative creatinine values were measured within 2 months before surgery. Additional clinical outcomes were in-hospital mortality, length of in-hospital and ICU stay, and necessity of renal replacement therapy (RRT).
Preoperative Risk Predictors
The clinical risk model of AKI considered the following variables: age, sex, preoperative ejection fraction (EF) basal eGFR, surgery type, hypertension, diabetes mellitus (DM), and redo-intervention. Even when some of these elements (like EF, history of hypertension, or DM) did not have a significant impact on the risk of AKI (logistic regression coefficients with a p value > 0.1), we preferred to keep all variables in the clinical model. On the basis of the value of their logistic regression coefficient, a severe AKI risk score (clinical model-acute kidney injury, CLIN-AKI) was developed and tested for accuracy using logistic regression analysis, Hosmer-Lemeshow statistics, and receiver operating characteristic (ROC) analysis. A further severe AKI risk score (preoperative endogenous ouabain added to clinical model-acute kidney injury, CLIN-EO-AKI) was developed by adding preoperative EO values to the CLIN-AKI score. Differences among areas under curve (AUCs) were tested with StAR (Statistical Analysis of ROC Curves). StAR is a server that computes ROC curves and several related statistics to assess the significance of their differences in performance.
Experimental Model
Ouabain-infused rats (OHR) were generated by subcutaneous ouabain infusion (Sprague-Dawley rats), of male rats (5-6-week old, weighing 120-130 g) with osmotic minipumps (Alzet, Charles River, Calco, Italy) containing a ouabain-saline solution that slowly released 15 μg/kg/day ouabain (Sigma-Aldrich; n = 7) with osmotic minipumps for 8 weeks as previously described (17) . The initial systolic blood pressure (SBP) of controls and OHR rats was comparable (average: 130-135 mm Hg). After 8 weeks of ouabain infusion, plasma levels were doubled, and SBP was significantly elevated in OHR rats (171 ± 1.3 mm Hg) vs. controls (150 ± 1.9 mm Hg). Heart rate was not different in either group (controls: 364 ± 4.3, OHR: 374 ± 4.8 beats/min).
Statistical Analysis
The continuous data are expressed as mean ± SD. Dichotomous variables are presented as percentages. Whenever normality assumption was not met, nonparametric tests were applied. In particular to promote normality and linearity, we transformed EO (25) using the logarithmic scale. Geometric means and interquartile ranges (IQR) are presented. To compare continuous variables among EO tertiles we applied analysis of variance (ANOVA) test (along with Bonferroni post hoc analysis), where normality assumption was met. Otherwise, we applied Kruskal-Wallis tests. Chi-square analysis or Fisher's test, when appropriate, were used to compare discrete variables. Mann-Whitney test was used to compare EO levels among AKI groups. Pearson's correlation test and linear regression were applied to evaluate the relations among continuous variables. Spearman's correlation test was applied for not normally distributed variables. Logistic regression analysis was used to estimate relative risk of AKI and hospital death in association with the EO tertiles and clinical variables and also to build the CLIN-AKI and CLIN-EO-AKI models.
The ROC curve was used to examine the performance of CLIN-AKI and CLIN-EO-AKI to predict AKI. The curve represents a plot of sensitivity vs. 1-specificity. The AUC (i.e., C-index) was calculated from the ROC curve. A statistically derived value, based on the Youden index (30), maximizing the sum of the sensitivity and specificity was used to define the optimal cutoff value. The differences between AUC (C-index) were tested by the StAR program in order to examine whether the addition of EO improved the discrimination of the model (31) . The increased discriminative value of the scores was further examined by calculation of net reclassification improvement (NRI) and integrated discrimination improvement (IDI) indices described by Pencina et al (32) . NRI and IDI are two new measures to quantify the degree of correct reclassification. NRI is the measure of net reclassification improvement gained with the CLIN-EO-AKI score compared with CLIN-AKI model between AKI and non-AKI patients. We used binary recode according to Youden index for CLIN-AKI (-0.04) and CLIN-EO-AKI score (6.65). IDI can be seen as continuous version of NRI with probability differences used instead of categories. Alternatively, it can be defined as a difference in discrimination slopes (Yates slopes [33] ) between models.
A two-sided p value of less than 0.05 was considered to indicate statistical significance. All analyses were performed with SPSS 18.0 software (SPSS Inc., Chicago, IL).
RESULTS
Cardiac Surgery Patients, First Group
Preoperative and postoperative patient characteristics are presented in the Supplemental Preoperative plasma EO levels, in patients with or without AKI were 238.3 (IQR: 172.7-336.5) and 150.9 (IQR: 103.5-223.0) pmol/L, respectively (p < 0.001, Mann-Whitney test). Preoperative EO values were highly correlated (correlation coefficient = 0.51, p < 0.0001) to postoperative values. Postoperative plasma creatinine was related to baseline EO concentrations (correlation coefficient = 0.22, p < 0.0001) and increased with each tertile of baseline EO (p < 0.0001, Kruskal-Wallis tests; Table 1 ). The relation between EO and plasma creatinine is shown in Figure 1A . Patients in the highest EO tertile (plasma EO > 207 pmol/L) displayed greater increases in plasma creatinine (p < 0.0001, Kruskal-Wallis tests). As shown in Figure 1 , with each incrementing EO tertile, patients had increasing prevalence of AKI (Table 1; 2.8%, 8.3%, 20.3% chi-squared p < 0.0001), ICU stay (Fig. 1B) , and RRT (Fig. 1C ), similar to those reported by other ICU studies (34) . Multivariate logistical regression analysis showed that the highest preoperative baseline EO tertiles were associated with AKI after adjustments for covariates including age, basal eGFR, EF, hypertension, diabetes, surgery type, and redo-intervention ( Table 3 , cardiac surgery patients grouped according to preoperative EO tertiles were older, with a lower EF, and increased CKD. Operative and postoperative parameters examined are presented in Table 3 . The relation between EO and plasma creatinine is shown in Figure 2A . Patients in the highest EO tertile (plasma EO > 195 pmol/L) displayed greater increases in plasma creatinine (ANOVA, p < 0.0001, Bonferroni post hoc test: first vs. second and third tertile, p < 0.0001). With each incrementing EO tertile, patients had increasing values of plasma creatinine ( Fig. 2A) , length of hospital stay (Fig. 2D ), and ICU stay (Fig. 2C ). In this cohort, we also measured EO after 6 and 12 hrs after surgery. EO circulating levels increased (p < 0.0001) in the third tertile 6 and 12 hrs after surgery, while plasma levels decreased in the first and second tertiles, as shown in Figure 2B . Multivariate logistic regression analysis showed ( Table 4 ) that the preoperative EO level was associated with AKI. The associations remained independently significant after adjustments for covariates (see below). The AUC of preoperative EO for the diagnosis of AKI was 0.80 (CI 95%: 0.74-0.87; p < 0.0001).
Cumulative Analysis AKI Prognosis
The AUC of preoperative EO in the 626 cardiac surgery patients for diagnosis of severe AKI (10.7%) was 0.75 (95% CI: 0.69-0.81). CLIN-AKI has been obtained by adding the β value obtained by logistical regression with severe AKI (Supplemental Table 3 , Supplemental Digital Content 1, http:// links.lww.com/CCM/A572) including age, sex, surgery type and reintervention, preoperative EF, preoperative eGFR, and hypertension (AUC: 0.79;95% CI: 0.73-0.84). Even though many of these variables were significantly associated with AKI in our population, we preferred to keep these variables in our clinical model for clinical relevance. Adding the preoperative EO level to the clinical model increased the AUC to 0.85 (95% CI: 0.81-0.90); this model we term CLIN-EO-AKI score. Figure 3 reports the ROC curves of the two risk scores for AKI. When patients with preoperative eGFR lower than 60 mL were excluded, all analyses yielded similar results (Supplemental Table  4 , Supplemental Digital Content 1, http://links.lww.com/CCM/ A572). These results strongly support the primacy of EO in determining AKI.
Risk Prediction
To evaluate the improvement of risk prediction with the addition of preoperative EO to the clinical model, we determined the IDI and NRI (35) (Supplemental Methods Supplemental Digital Content 1, http://links.lww.com/CCM/A572). We binary categorized all patients as being at low or high AKI risk for both clinical models alone (CLIN-AKI) or with preoperative EO (CLIN-EO-AKI score). Inclusion of EO provided improved risk prediction over the clinical models alone: IDI 0.07 (p < 0.0001) and NRI 0.07 as shown in Table 5 .
Experimental Rat Model
To investigate the in vivo adverse consequences of chronic exposure to high plasma EO levels, we studied the effects of infused exogenous ouabain in otherwise normal rats. As previously described (17, 24) , the chronic infusion (8 weeks) of low doses of ouabain (15 µg/kg/day) in rats significantly raised SBP (Fig. 4A) . Here, we show that, compared with their matched controls, the ouabain-infused rats exhibited a significant reduction of creatinine clearance (-18%, p < 0.02, Fig. 4B ). Urinary protein excretion was also increased in the ouabain-infused rats (+54%, p < 0.05) compared with controls ( Fig. 4C ) and a similar result was obtained after normalization of proteinuria for urinary creatinine excretion (controls: 0.986 ± 0.076, ouabain: 1.643 ± 0.179, p < 0.01). The immunohistochemical analysis of podocyte protein expression, evaluated in rat kidney preparations, revealed a statistical significance reduction (p < 0.05, ANOVA) of staining for nephrin ( Fig. 4D) but not for synaptopodin ( Fig. 4D ) in ouabain rats as compared with controls. These data were confirmed by Western blot analysis performed on rat renal microsomes (Fig. 4E) . A direct effect of ouabain on podocyte nephrin was demonstrated in primary cultured podocytes from 10 day-old rats. Ouabain decreased nephrin expression measured by Western blot analysis (Fig. 4F ).
DISCUSSION
The main new results of these studies, obtained in two independent cohorts of patients, are the identification of a novel preoperative biomarker for the AKI that often follows cardiac surgery. Increased preoperative circulating concentrations of EO were associated with a longer ICU stay, a higher severity of illness, and an increased prevalence of severe AKI. These results were replicated also after the exclusion of patients with preoperative mild renal failure. To our knowledge, this is the first study investigating the relationship between plasma EO and AKI.
Similar findings were also obtained in a critically ill cohort of patients admitted to the ICU (ICU cohort). In all patients, increased EO concentrations were invariably associated with a higher severity of illness, as measured by ICU stay, and an increased prevalence of acute renal dysfunction. Stress-related activation of the hypothalamic-pituitary-adrenal axis could explain the increased EO concentrations observed in this study (Supplemental Results, Supplemental Tables 5 and 6 , and Supplemental Fig. 1 , Supplemental Digital Content 1, http://links. lww.com/CCM/A572).
A strength of our study was that the prospective complete specimen collection was performed under standardized conditions in consecutive patients undergoing cardiac surgery in two large cohorts of Caucasians. AKI was defined according to modern AKI staging systems and as a useful endpoint for future therapeutic trials AKIN II (26, 27) . Furthermore, preoperative EO was strongly related to hard outcomes including ICU stay, RRT, and inhospital mortality. Thus, we have built a simple clinical model able to predict the risk of postoperative AKI (CLIN-AKI, AUC: 0.79). Furthermore, we found that the addition of preoperative EO to the clinical model (CLIN-EO-AKI) improves the predictive ability (AUC from 0.79 to 0.85; p < 0.01) and significantly increases the discriminating power of the model to predict AKI and the proper reclassification of a proportion of the patients. Thus, we find that the adrenal hormone EO, released under stress conditions (15, 36) , is able to identify those patients who have a higher probability to develop postoperative AKI. Furthermore, the experimental studies in rats indicate that small sustained increases of plasma ouabain (i.e., two-fold the basal level and similar to those observed in humans) is itself sufficient to trigger the deterioration of renal function as measured by increased plasma creatinine, reduction of creatinine clearance, increased proteinuria, and decreased expression of podocyte nephrin; the latter being a structural protein involved in the formation of the glomerular filtration barrier (37) . The ouabain-induced reduction of nephrin is likely to underlie the changes of the glomerular filtration barrier permeability leading to protein leakage; this effect was also demonstrated in primary cultures of glomerular podocyte cells incubated with ouabain. Taken together, these data demonstrate a direct effect of elevated circulating ouabain on glomerular function and podocyte protein expression. The added stress of surgery appears to further unmask the renal damage attributed to EO. The mechanism of the ouabain effect is likely mediated by changes in cell Ca 2+ According to Pulina et al (38) , nanomolar doses of ouabain, through the modulation of the Na,K-ATPase, Na + /Ca 2+ exchanger-1 (NCX1), and C-type transient receptor potential (TRPC6) signaling cascade, favor an increase of intracellular Ca ++ . In turn, high Ca ++ levels can activate the Ca ++ -dependent protease, calpain (39), favoring nephrin protein cleavage (40) or, via NFkB, may activate the expression of the transcriptional regulator, Snail, repressing nephrin expression (41) . Preliminary data in cultured podocytes (not shown) indicate that ouabain (10 -9 , 10 -8 M) increases calpain protein expression.
The reduction of glomerular filtration rate (GFR) by EO/ ouabain, as previously shown in patients (21) , may also occur as a consequence of direct vascular effects including increased myogenic tone and reactivity of mesenteric arteries (42) and of contractile smooth muscle cells within glomerular podocytes (43) . Indeed, podocytes, which are specialized cells that form a complex interdigitating network that envelopes the glomerular capillary, possess a stretch-sensitive, Ca ++ -activated K + channel (BK channels) that responds to changes in the glomerular capillary pressure, possibly affecting the GFR (44) . Since nephrin binds and regulates BK channel expression (45) , any change in nephrin protein level, such as those documented here by ouabain, may affect BK channel expression and consequently the GFR.
The potential limitations of this study are those present in similar studies that attempt to assess the clinical usefulness of nonpostoperative biomarkers. For example, we dichotomized patients with and without AKI by using an arbitrary cutoff (AKIN II), this cutoff does not reflect the spectrum of renal damage, which may follow cardiac surgery.
The multifaceted nature of AKI is likely to require multiple biomarkers to gain a truly comprehensive assessment of all the potential mechanisms. For these reasons, the preoperative markers described here may only be at work in a subset of patients.
The major clinical need for AKI is to identify a therapeutic window during which to apply a putative intervention aimed at preventing or limiting renal damage. Our data suggest that the measurements of plasma EO before surgery identity patients/ individuals that would be expected to benefit from inhibition of EO action. Indeed an inhibitor of EO has been described (46) and may be worth testing in these patients. Accordingly, preoperative plasma EO levels will, on one hand, improve the prediction of AKI and, on the other, may help in developing a therapeutic intervention to minimize AKI. 
